INTRODUCTION
Mammals have separate organs such as the cochlea and otolithic organs to serve auditory and vestibular functions, respectively. By contrast, fishes lack the cochlea, and their otolithic organs have dual functions of hearing and balance. Among the three otolithic organs, the saccule plays a crucial role in audition in the majority of fishes that have been studied (Popper and Fay, 1999; Lu, 2004) . Like the lagena and utricle, the saccule, a fluid-filled sac, is composed of a sensory epithelium and an otolith that is attached to the epithelium by an otolithic membrane. The sensory epithelium consists of sensory hair cells that are innervated by dendrites of saccular ganglion cells, the axons of which form the saccular branch of the eighth nerve that conveys acoustic signals to the brain.
A sound wave can be measured in either acceleration or pressure because it includes both particle motion and pressure components. It is known that sound pressure rather than particle motion is the relevant mode of sound for terrestrial vertebrates. However, the particle-motion mode of sound is important to all fishes because it can directly stimulate the inner ear via the skull. In addition to this direct particle-motion input, sound pressure can also indirectly stimulate the fish's inner ear using accessory organs such as part of the swim bladder, which is either close to the inner ear or directly connected to it by the Weberian ossicles, or a gas bubble mechanically coupled to the inner ear (for reviews, see Popper et al., 1988; Popper and Fay, 1999; Lu, 2004) . Thus, fishes with accessory auditory organs are sensitive to both particle motion and pressure modes of sound, leading to enhanced pressure detection and a broadened frequency response range.
Frequency provides animals the information about the nature of a sound source, e.g. prey or a predator. Frequency analysis is one of the most important functions of the auditory systems in animals. Early studies in frequency responses of saccular afferents were mainly conducted in the goldfish (Carassius auratus) that has accessory structures specialized for sound pressure detection. Singleunit recording studies have shown that saccular afferents of the goldfish are broadly tuned with characteristic frequencies (CFs) in a range of ≤50 to over 1000Hz (Furukawa and Ishii, 1967; Fay, 1978; Fay and Ream, 1986; Coombs and Fay, 1987) . Most saccular afferents in the goldfish are sensitive to sounds less than 300Hz, with best sensitivity (BS) ranging from 74 to 127dB re. 1mPa (Fay and Ream, 1986) . Other studies have investigated the frequency response of auditory afferents in fish species with and without accessory auditory structures by monitoring the pressure component of sounds generated by a loudspeaker (Horner et al., 1981; McCormick and Popper, 1984; McKibben and Bass, 1999; McKibben and Bass, 2001; Suzuki et al., 2002; Sisneros, 2004) .
The majority of fishes do not possess accessory auditory structures to enhance sound pressure detection; they are primarily sensitive to the particle motion mode of sound rather than sound pressure. Several experimental devices have been developed to provide directional linear acceleration to simulate underwater acousticThe sleeper gobies (Dormitator latifrons Richardson) live at the bottom of fresh or blackish water where visual cues are minimal. They feed on insects, tadpoles, small crustaceans and fishes. Although the sleeper gobies do not appear to use sounds in communication, the auditory function is believed to play an important role in their survival. We have been studying how the directional information of a sound is encoded by sensory afferents innervating all three otolithic organs in this species that is not specialized for pressure detection (for reviews, see Lu and Popper, 2001; Lu et al., 2003; Lu et al., 2004; Lu, 2004; Bass and Lu, 2007) . Like most teleost fishes, the sleeper goby is primarily sensitive to acoustic particle motion because it does not have the Weberian ossicles and its swim bladder is not close to the inner ears. Our previous work focused on directional response properties of saccular, lagenar and utricular afferents to particle motion at one stimulus frequency (i.e. 100Hz). In the present study, we systematically investigated frequency tuning of single saccular afferents of the sleeper goby and how frequency selectivity varies with stimulus level and axis. In addition, we compared results of the present study with those collected from lagenar and utricular afferents in the same species to provide insights into frequency selectivity of different otolithic organs. Furthermore, this study sheds light on common features of frequency selectivity shared by all fishes in response to acoustic particle motion. Some preliminary data were reported in abstract form .
MATERIALS AND METHODS

Animal preparation
Twenty nine sleeper gobies (Dormitator latifrons; Eleotridae), ranging from 100-120mm in total length, were used in this study. Fish preparation was reported in detail in previous studies Lu and Popper, 2001; Lu et al., 2003; Lu et al., 2004) . Briefly, each fish was anesthetized in a bath of 0.05% buffered MS-222 (Sigma-Aldrich, St Louis, MO, USA) solution and then placed on a holder in a surgical tray with its body covered with a wet paper towel. Air-saturated water irrigated the fish's gills at a flow rate of 100mlmin -1 through a mouthpiece to assist respiration throughout experiments. A 3mmϫ3mm hole was made in the skull to expose the left saccular nerve. The fish's head was stabilized by a holder that was firmly attached to an experimental tank, and the whole fish except the top of its head was then submerged in water in the tank. The water temperature in the experimental tank was kept at ~22°C. The fish remained undisturbed in the holder for at least 1h in order to let it fully recover from the anesthesia before neural recording. A dose of gallamine triethiodide (3mgg -1 body mass; Sigma-Aldrich) dissolved in 0.7% NaCl solution was intramuscularly injected into the tail to prevent movement during neural recording. The animal use protocol was approved by the University of Miami Animal Care and Use Committee and complied with policies of the National Institutes of Health.
Experimental apparatus
An experimental setup was composed of a Dell computer, fourchannel D/A and A/D modular system (Tucker-Davis Technologies, Alachua, FL, USA), and shaker apparatus (Fay, 1984) , as used in our previous studies Lu et al., 2001; Lu et al., 2003; Lu et al., 2004; Lu and Popper, 2001; Lu and Xu, 2002) . The shaker apparatus rested on an anti-vibration table Technical Manufacture Corporation, Peabody, MA, USA) . Acoustic signals were pure tones of a 500-ms duration and 20-ms cosine rise and fall times at 50, 80, 100, 125, 200, 250, 345 and 400Hz. They were digitally synthesized by the computer, read out from 16-bit D-to-A converters at a rate of 10kHz, lowpass filtered at 4kHz, programmably attenuated, and fed to three P1000 power amplifiers (Hafler, Tempe, AZ, USA). Outputs of the power amplifiers drove two orthogonal pairs of mini mechanical shakers (Type 4810; Brüel & Kjaer, Norcross, GA, USA) in the horizontal plane and one B&K mechanical shaker (Type 4809) in the vertical axis. Fish were linearly accelerated by these shakers along the longitudinal, side-to-side and dorsoventral axes of fish. Motion produced by the shaker apparatus simulated underwater acoustic particle motion.
Linear accelerations at the eight frequencies were presented at the three orthogonal axes of fish. At the beginning of each experiment, acceleration stimuli at the selected frequencies were calibrated to achieve constant acceleration (root mean square) and they were reported in decibel(dB)re.1g using three piezoelectric accelerometers (Model 336C; PCB Piezotronics Inc., Depew, NY, USA) mounted on the experimental tank along the three axes. Sensitivity of the three accelerometers was 1031mVg -1 (longitudinal), 1036mVg
-1 (side-to-side), and 982mVg -1 (dorsoventral). Search stimuli at 50, 100, and 400Hz were presented sequentially along the three orthogonal axes once per second at -28dBre.1g. A custom-written Visual C++ 6.0 program was used for stimulus calibration and data acquisition. Excel macro software was written and used for plotting response curves and data analysis.
Neurophysiological recording
The saccular nerve bundle is the largest and most easily accessible, for single-unit recording, of the three otolithic organ nerves in the sleeper goby Lu and Popper, 2001) . Recording microelectrodes were made from 1.5mm glass capillaries (World Precision Instruments, Sarasota, FL, USA) that were pulled to a tip size of approximate 0.5mm using a micropipette puller (P-97, Sutter Instrument Inc., Novato, CA, USA) and then filled with 3moll -1
KCl. The recording electrode was mounted on a three-dimensional hydraulic micromanipulator (WR-6, Narashige, Tokyo, Japan) and lowered manually, with a step resolution of 0.2mm, to reach the saccular nerve bundle. The tip of the reference electrode, a 40-mm long platinum wire (0.5mm in diameter), was kept in the fluid of the brain cavity. Evoked action potentials recorded from single saccular afferents by the electrodes were sent to a preamplifier (S-7071A, World Precision Instruments), amplified 100-1000 times, bandpass filtered between 450 and 4500Hz, digitally recorded at 10kHz, and stored in the computer.
Data acquisition and analysis
Once action potentials from a single saccular afferent were detected, a mean spontaneous rate and standard deviation (s.d.) were determined during a 500-ms duration for 20 repetitions without stimulus presentation. The number of spikes were then recorded from the saccular afferent in response to stimuli at different levels at each of the selected frequencies along the longitudinal, side-toside, and dorsoventral axes of fish. Response areas were constructed as spike rates (spikes per second) as a function of stimulus level and frequency in each of the three axes. Tuning curves were obtained from the response areas based on the following criteria. For saccular afferents with spontaneous activity, threshold was defined as the lowest stimulus level that evoked a response just exceeding the mean spontaneous rate by one s.d. at a stimulus frequency along each stimulus axis. For saccular afferents without spontaneous activity, the threshold was the stimulus level that elicited one spike per stimulus. Best frequency (BF) was defined as the stimulus frequency that elicited the maximum number of spikes at a given stimulus level; CF was the BF at the lowest threshold (i.e. BS) in a stimulus axis. Isolevel rate-frequency functions were obtained from response areas to reveal most responsive frequencies above threshold. Slopes at both low-frequency and high-frequency edges of each isolevel rate-frequency curve were calculated in spikes per octave. BF shift was defined as the difference between BF and CF (BF -CF) at a stimulus level from the isolevel, rate-frequency curve. BFs at different stimulus levels were compared to determine if BF changed with stimulus level. Rate-level functions were also constructed from response areas. Each isolevel rate-frequency curves was normalized to remove spontaneous activity and spike rate effects based on the following equation:
where N i is an individual spike rate, N min is the minimum spike rate, and N max is the maximum spike rate. Q 50% was measured from the normalized isolevel rate-frequency curve to represent the frequency selectivity as described by Lu et al. . Q 50% was defined as the ratio of BF to the frequency bandwidth at half the maximum normalized response.
Various statistical tests including one-way analysis of variance (ANOVA), two-way ANOVA, and Mann-Whitney U-tests were performed to determine if any difference observed was significant. For results of the ANOVA that were significantly different, posthoc Tukey's tests were conducted to identify the specific differences.
RESULTS
Frequency tuning at the threshold
This study reports frequency response properties of 61 single saccular afferents, for which complete data were obtained along the fish's longitudinal, side-to-side and dorsoventral axes. All the saccular afferents were responsive to linear acceleration up to 400Hz. In general, these saccular afferents were tuned to low frequencies of linear acceleration. For descriptive purposes, tuning curves were classified into lowpass, bandpass and broad categories
(see Fig.1 ). Lowpass tuning curves continuously increased sensitivity as stimulus frequency decreases (e.g. Fig.1A ). CFs of these tuning curves occurred at or below 50Hz, the lowest stimulus frequency tested in this study. Bandpass tuning curves were relatively sharply tuned to stimulus frequencies within a range from 80 to 400Hz (e.g. Fig.1B ). In contrast to lowpass tuning curves, CFs of bandpass tuning curves could be determined within the frequency range we tested. The rest of the tuning curves were broadly tuned to frequencies in the range between 80 and 400Hz (e.g. Fig.1C ). The relationship between tuning curve type and stimulus axis is illustrated in Fig.1D . It appears that there are more lowpass and bandpass tuning curves than broad tuning curves in the longitudinal and dorsoventral axes. Tuning curve types tend to evenly distribute in the side-to-side axis. A few saccular afferents (10%) had the same types of tuning curves (either lowpass, bandpass or broad) along all three stimulus axes (e.g. Fig.2A ,B) whereas the majority of saccular afferents (90%) had shapes of tuning curves that varied with stimulus axis (e.g. Fig.2C ,F). For saccular afferents having the same types of tuning curves, some had similar BS along all three stimulus axes (e.g. Fig.2A ) and others were more sensitive to stimuli along one of the three axes (e.g. Fig.2B ). Fig.2C shows a bandpass saccular afferent that was tuned to different frequencies between 50 and 400Hz in the three stimulus axes. For individual saccular afferents having various types of tuning curves, we found a diversity of combinations of types or shapes of tuning curves, depending on stimulus axis. For example, the afferent shown in Fig.2D has lowpass tuning curves along the longitudinal and side-to-side axes and a bandpass tuning curve along the dorsoventral axis. Fig.2E shows bandpass tuning curves in the longitudinal and dorsoventral axes but a lowpass tuning curve in the side-to-side axis. Some saccular afferents had a different type of tuning curve along each of the three stimulus axes (e.g. Fig.2F ).
Saccular afferents had similar non-normal CF distributions along the three axes with peaks at or less than the lowest frequency of 50Hz that was tested (Fig.3A) . CFs of saccular afferents were distributed from ≤50 to 250Hz (median, 80Hz), ≤50 to 345Hz (median, 80Hz) and ≤50 to 400Hz (median, 80Hz) along the longitudinal, side-to-side and dorsoventral axes, respectively. There were no differences in CF among the three stimulus axes (Mann-Whitney U-tests, P>0.05). BS distributions resembled bellshaped curves along all three axes (Fig.3B) . BS of saccular afferents fell in ranges from -58.8 to -90.0dB (-80.3±7.8dB re. 1g; mean ± s.d.), -60.0 to -90dB (-82.6±7.1dB), and -54.8 to -90dB (-80.6±8.9dB) along longitudinal, side-to-side, and dorsoventral axes. Again, no significant differences in BS were found among the three stimulus axes for the 61 saccular afferents (one-way ANOVA, P>0.05).
Frequency coding above threshold
At supra threshold, saccular afferents showed BS in the frequency range of 50-345Hz. Most saccular afferents (59%) had similar contours of frequency responses illustrated by terrain plots along the three orthogonal axes of fish (Fig.4) . Others (41%) had different spatial frequency responses with a dominant response along one or two of the three stimulus axes. Fig.5 shows that response areas of saccular afferents vary in shape, tuning, and sensitivity among stimulus axes, indicating that frequency responses of these saccular afferents are stimulus-axis dependent.
BF distributions shown in Fig.6Ai ,Bi,Ci illustrate that BF gradually shifts to high frequencies as stimulus level increases. However, none of the saccular afferents recorded had BF higher than 400Hz at stimulus levels up to 40dB above threshold along all three stimulus axes. BF shifts were found from 2 to 96Hz (46±12Hz; mean ± s.d.), from 7 to 107Hz (55±13Hz) and from 6 to 81Hz (38±11Hz) along the longitudinal, side-to-side and dorsoventral axes at stimulus levels from 5 to 40dB above BS (Fig.6Aii ,Bii,Cii). BFs increased significantly with stimulus level along each of the three stimulus axes (one-way ANOVA, P<0.001). Fig.7A shows frequency response profiles of a representative saccular afferent at several stimulus levels along a stimulus axis, indicating that both up and down slopes of these frequency-response curves appear to get steep at high stimulus levels. For the 61 saccular afferents recorded, average absolute values of rate-frequency slopes increased significantly with stimulus level at both low-and highfrequency ends (two-way ANOVA, up slopes, P<0.001; down slopes, P<0.001 for each axis). In addition, roll-off rates were significantly greater at the high-frequency end than at the lowfrequency end along the three stimulus axes (Fig.7B-D , two-way ANOVA with replication, P<0.001 for each axis).
Q 50% was used to represent the degree of tuning (Fig.8A) . The greater the Q 50% , the higher the sharpness of a tuning curve. Fig.8B shows average Q 50% distributions of 1.46±0.71 (mean ± s.d., N35, longitudinal axis), 1.36±0.78 (N37, side-to-side axis) and 2.25±1.12 (N29, dorsoventral axis) at 15dB above threshold. Average Q 50% decreased as stimulus level increased at the all three axes (two-way ANOVA, P<0.001; Fig.8C ). Saccular afferents had similar Q 50% along the longitudinal and side-to-side axes but slightly greater Q 50% along the dorsoventral axis than the other two axes (two-way ANOVA without replication, P<0.001; Tukey's tests, Q 50% side-to-side  Q 50% longitudinal , P>0.05; Q 50% longitudinal ϭQ 50% dorsoventral , P<0.05).
The down slope of isolevel rate-frequency curves was highly correlated with BF, and the correlation was stimulus-level dependent (Table1). Fig.9 shows the relationship between the down slope of Z. Lu, Z. Xu and W. J. Buchser isolevel rate-frequency curves and BF at several stimulus levels. However, the correlation between up slope and BF was relatively low along each of the three axes regardless stimulus levels (Table1).
DISCUSSION Comparisons in frequency coding of saccular afferents in different species
Frequency tuning of auditory afferents in response to acoustic particle motion has only been studied in three teleost species (the toadfish, midshipman and sleeper goby). Because similar shaker apparatuses were used to calibrate linear acceleration, we are able to compare frequency response characteristics in these species. CFs of saccular afferents in the toadfish fell into two groups: 81 and 140Hz (Fay and Edds-Walton, 1997) . Saccular afferents in the midshipman had CFs in a range of ≤50-186Hz with two peaks at ≤50 and 100Hz (Weeg et al., 2002) . In the present study (Fig.3A) , we found that CFs of saccular afferents of the sleeper goby were distributed between ≤50 and 400Hz with a mode at ≤50Hz. The peaks of CF distributions are probably less than 50Hz because 50Hz is the lowest frequency we were able to provide without stimulus waveform distortion. Our results suggest that in response to acoustic particle motion the saccules in the teleosts that do not possess accessory auditory structures have similar frequency selectivity.
No single-unit recording data are available from auditory afferents of non-teleost fishes. Thresholds have been obtained from two elasmobranchs in response to linear acceleration in a frequency range from 50 to 200Hz using an evoked potential method (Casper and Mann, 2007) . Evoked potential audiograms of the sharks show that they are most sensitive to particle motion at 100Hz with the lowest threshold at approx. -80dBre.1g. It appears that frequency tuning and threshold of the sharks are similar to those of the teleosts described above. Similar physiological properties in the most sensitive frequency and BS are consistent with the lack of a swim bladder in the sharks, which are solely sensitive to particle motion. Frequency tuning of otolithic organ afferents in response to particle motion has not been reported on any fish that possess accessory auditory structures. Because the particle motion input pathway applies to all fishes with and without accessory auditory structures, low-frequency selectivity is most likely a common response characteristic of all fishes in response to particle motion.
In this study we collected frequency response data at threshold as well as supra threshold. Although the tuning curve provides CF, BS and Q 10  dB of afferents, it does not provide any information about the frequency response at stimulus levels above threshold. We believe that the frequency response above threshold is more biologically significant for animals than that at threshold. Therefore, in addition to tuning curves, we characterized frequency responses of saccular afferents using terrain plots and isolevel rate-frequency curves at stimulus levels up to 40dB above threshold (e.g. Figs4, 5 and Fig. 7A ). We found that BFs of saccular afferents in the sleeper goby were stimulus-level dependent. As clearly shown in Fig.6 , saccular afferents tend to shift tuning to high frequencies as stimulus level increases. BF shifts were previously reported for saccular afferents of the goldfish in response to sounds generated by an underwater loudspeaker (Fay, 1990) . BF shifts of saccular afferents of the goldfish varied with CF (Lu and Fay, 1993) . For goldfish saccular afferents with CFs below 500Hz, they tended to tune to high frequencies when sound level was presented at 15dB above BS. For the midshipman evidence of BF shifts was also reported for some saccular afferents in response to particle motion, although the majority of saccular afferents did not change BF with stimulus level (Weeg et al., 2002) .
We hypothesized that the BF shift to high frequencies found in saccular afferents might reduce masking of the low-frequency background noise in order to enhance signal detection. Lugil and Fine (Lugil and Fine, 2007) reported particle velocity ambient noise in the habitat of an Italian freshwater goby, Padogobius martensii, which is in the same order (Perciformes) as the sleeper goby. Both gobies are primarily sensitive to the particle motion mode of sound. It is known that auditory detection is ambient noise dependent. The ambient noise level in particle velocity in the Italian goby's habitats is low, between 100 and 200Hz, the 'quiet window'. The ambient noise level tends to increase below 100Hz and above 200Hz. The Italian goby appears to have evolved hearing sensitivity and vocalization that adapts to the quiet window in their habitats. In the present study, we found that most saccular afferents of the sleeper goby shifted their BFs to high particle motion frequencies up to 250Hz, showing the plasticity of frequency tuning of auditory afferents. It will be interesting to find out if BF shifts are related to the background noise in the sleeper goby's habitats. Further studies of the ecology of the sleeper goby will help us understand the biological significance of BF shifts of auditory afferents in fish.
Comparisons in frequency coding among different otolithic organ afferents
We can make reliable comparisons in frequency coding among saccular, utricular and lagenar afferents in the sleeper goby because frequency response data have been collected from these afferents in response to particle motion using the same experiment setup and method Lu et al., 2004) (and the present study). Most saccular, lagenar and utricular afferents are sensitive to lowfrequency particle motion with their CFs equal to or less than 200Hz. For the sleeper goby, saccules and lagenas are oriented vertically, whereas utricles lie in the horizontal plane. Based on the orientations of the otolithic organs , we compared CF distributions among saccular afferents [103±70Hz (mean ± s.d.) along the dorsoventral axis], lagenar afferents [74±23Hz along the dorsoventral axis (from Lu et al., 2003) ], and utricular afferents [86±48Hz along the longitudinal axis (from Lu et al., 2004) ]. We found no significant difference in CF among these otolithic organ afferents (one-way ANOVA, P>0.05). Therefore, all three otolithic organ afferents of the sleeper goby appear to be tuned to similar low frequencies. However, there is a major difference in BS among the three otolithic organs afferents. We previously reported that at 100Hz saccular afferents of the sleeper goby are much more sensitive to particle motion than utricular and lagenar afferents  
Lu et al., 2004).
Here we compared BS in the range of particle motion frequencies from 50 to 400Hz of saccular (-81±9dBre.1g; mean ± s.d., N61), lagenar (-51±7dB, N29), and utricular (-52±7dB, N70) afferents. We found that there are significant differences in BS of these otolithic organ afferents (one-way ANOVA, P<0.05; Tukey's tests, BS saccular ϭBS lagenar , P<0.05, BS saccular ϭBS utricular , P<0.05, BS lagenar BS utricular , P>0.05). Therefore, saccular afferents of the sleeper goby are ~30dB more sensitive than lagenar and utricular afferents; lagenar and utricular afferents have similar BS. Based on these physiological results, we conclude that of the three otolithic organs, the saccule plays the most important role in hearing in the sleeper goby. The degree of tuning of auditory afferents or neurons is often assessed by Q 10 dB . Afferents with higher Q 10 dB values are more sharply tuned. Q 10 dB values of saccular afferents have been reported in the goldfish, showing that saccular afferents are broadly tuned with Q 10 dB less than 2 (Fay and Ream, 1986) . In this study we found three different types of tuning curves for saccular afferents in the sleeper goby in response to the frequency range from 50 to 400Hz. tuning curves, CF and frequency bandwidth at 10dB above threshold could not be obtained because tuning curves often extend below 50Hz, the lowest frequency tested. For most bandpass and broad tuning curves, the frequency bandwidths at the 10dB above threshold were also not measurable. In addition, the shaker apparatus used in this study cannot provide reliable accelerations lower than 50Hz without waveform distortion. Thus, Q 10 dB cannot be obtained in the frequency range we tested for most of the saccular afferents in the sleeper goby. For these reasons, we adapted Q 50% to quantitatively evaluate the degree of tuning. We also calculated Q 50% from data in our previous studies on frequency tuning of lagenar and utricular afferents in the sleeper goby Lu et al., 2004 
Frequency tuning versus sound directionality
One interesting question is whether or not the saccule itself is capable of encoding particle motion frequencies in the threedimensional space. Because calibration of linear acceleration provided by the shaker apparatus is quite complicated, we only chose the longitudinal, side-to-side and dorsoventral axes of the fish's body for the present study. We obtained frequency response properties of saccular fibers in response to particle motion along the three orthogonal axes. As shown by the results (e.g. Figs1, 2, 4 and 5), there is a diversity of frequency responses of individual saccular afferents. Although many saccular afferents show similar terrain plots along the three axes, other saccular afferents have different frequency responses along the three axes. By pooling the saccular afferents that were recorded, we did not find significant differences in CF and BS among the three stimulus axes, indicating that the saccule is capable of encoding particle motion frequencies in the three-dimensional space. However, we did observe a slight difference in tuning in different stimulus axes. The sleeper goby has better frequency tuning in the vertical axis than in the horizontal axes (Fig.8) , which corresponds to the vertical orientation of the saccular epithelium and otolith. Because spatial frequency coding of otolithic organ afferents has not been investigated in other fish species, a comparison of different fishes cannot be made at this time.
Frequency selectivity versus isolevel rate-frequency slopes
A previous study reported that the absolute value of average highfrequency roll-off rate (-36dBoctave -1 ) was 16 times the lowfrequency roll-off rate (12dBoctave -1 ) for saccular afferents in the toadfish (Fay and Edds-Walton, 1997) . We found similar asymmetrical rate-frequency curves for the majority of saccular afferents in the sleeper goby with the absolute value of average high-frequency roll-off rate greater than the average low-frequency roll-off rate along the longitudinal, side-to-side, and dorsoventral axes of fish (see Fig.7 ). For most saccular afferents of the sleeper goby, BF increased with stimulus level. However, for almost all saccular afferents BFs did not continue to increase beyond 250Hz regardless of stimulus level. Instead, saccular afferent responses fell dramatically at stimulus frequencies higher than 250Hz (see Figs4, 5, 7) . It is not known what mechanisms result in this sharp response reduction at stimulus frequencies beyond 250Hz. This reduction of response could occur at the saccular hair cells and/or the saccular nerve. But the saccular nerve is unlikely to be the site because most nerves are capable of firing action potentials up to 1kHz as long as they possess adequate voltage gated Na + and K + ion channels. We propose that such reduction results from intrinsic mechanical properties of otolithic organs, i.e. the coupling of the otolith and sensory epithelium may limit responses to low frequencies.
As shown in Fig.9 and Table1, at a given stimulus level, the down slope becomes steeper as BF increases. At a given BF, the steepness of the down slope increases as stimulus level raises. In general, correlations between down slope and BF are high with absolute values of correlation coefficients greater than 0.5 at stimulus levels from 15 to 35dB above threshold along all three axes. The saccular afferent responses are limited to stimulus frequencies below 250Hz because of this increase in roll-off rate with BF and stimulus level at the high-frequency edge. The rate-frequency slope at the low-frequency end may be explained by firing rates at stimulus frequencies between 50 and 250Hz. In the range of stimulus levels from threshold to ~20dB above threshold, the up slope of isolevel rate-frequency curves increases with stimulus level for all three axes (see Fig.7B-D) . The up slope does not continue to increase with stimulus level, i.e. the up-slope reaches a plateau at 20dB above threshold and beyond. We already know that saccular afferents in the sleeper goby as well as other teleosts are phase-locked to tonal particle motion at low frequencies Lu and Popper, 2001) . As stimulus level increases, the up slope also increases until 20dB above threshold where saccular afferent responses are saturated because of the maximum capacity of firing a spike per stimulus cycle. In addition, saccular afferents are able to fire more than one spike per cycle at frequencies below 100Hz when intense stimuli are presented. These two factors limit the up slope of isolevel rate-frequency to the slope of one spike per cycle at the low frequency range from 50 to 250Hz.
Conclusions
This is the first study to investigate spatial frequency coding of otolithic organ afferents in any fish species. It is also one of a few single-unit studies on frequency selectivity of auditory afferents of teleosts in response to simulated underwater particle motion. In this study we determined the frequency response of saccular afferents of the sleeper goby, not only at threshold (i.e. tuning curves) but also up to 40dB above threshold. Like other fishes without accessory auditory structures, saccular afferents of the sleeper goby are tuned to low frequencies, primarily lower than 250Hz. Although the tuning curves of individual saccular afferents vary along the three orthogonal axes, there are no significant differences in CF and BS of the three axes, indicating that the saccule is able to encode particle motion frequencies in three-dimensional space. Saccular afferents are significantly more sensitive than lagenar and utricular afferents though the three otolithic organ afferents are tuned to similar lowfrequency particle motion. We conclude that the saccule is the major auditory organ of the three otolithic organs in the sleeper goby and the low-frequency tuning is a common feature shared by fishes without accessory auditory structures.
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